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ABSTRACT
Approximately half of the planets discovered by NASA’s Kepler mission are in sys-
tems where just a single planet transits its host star, and the remaining planets are
observed to be in multi-planet systems. Recent analyses have reported a dichotomy in
the eccentricity distribution displayed by systems where a single planet transits com-
pared with that displayed by the multi-planet systems. Using N-body simulations,
we examine the hypothesis that this dichotomy has arisen because inner systems of
super-Earths are frequently accompanied by outer systems of giant planets that can
become dynamically unstable and perturb the inner systems. Our initial conditions
are constructed using a subset of the known Kepler five-planet systems as templates
for the inner systems, and systems of outer giant planets with masses between those of
Neptune and Saturn that are centred on orbital radii 2 ≤ ap ≤ 10 au. The parameters
of the outer systems are chosen so that they are always below an assumed radial ve-
locity detection threshold of 3 m s−1. The results show an inverse relation between the
mean eccentricities and the multiplicites of the systems. Performing synthetic transit
observation of the final systems reveals dichotomies in both the eccentricity and multi-
plicity distributions that are close to being in agreement with the Kepler data. Hence,
understanding the observed orbital and physical properties of the compact systems
of super-Earths discovered by Kepler may require holistic modelling that couples the
dynamics of both inner and outer systems of planets during and after the epoch of
formation.
Key words: planets and satellites: dynamical evolution and stability – planets and
satellites: formation
1 INTRODUCTION
At the time of writing more than 4000 exoplanets have been
discovered and confirmed using various detection methods.
More than half of them were discovered by the Kepler transit
survey (Borucki et al. 2010, 2011; Batalha et al. 2013; Burke
et al. 2014; Rowe et al. 2015; Mullally et al. 2015; Coughlin
et al. 2016; Thompson et al. 2018). Due to detection biases,
most of the Kepler planets have short periods < 100 days,
and less than one percent have orbital periods longer than
one year1. The majority of the Kepler planets have radii be-
tween 1 and 4 R⊕, and these super-Earths and sub-Neptunes
are often found in compact multi-planet systems.
Various analyses of the Kepler data have been under-
? E-mail: s.t.s.poon@qmul.ac.uk
1 All exoplanetary data used in this paper are from NASA Exo-
planet Archive unless stated otherwise.
taken to obtain insight into the formation and evolution of
planetary systems. For example, the distribution of the ob-
served planetary system multiplicities shows a sharp increase
for single planet systems compared to two planet systems
(Lissauer et al. 2011), and this apparent Kepler dichotomy
has been interpreted as either arising because of an intrin-
sic excess of single planet systems (Johansen et al. 2012),
or alternatively because of the distribution of mutual incli-
nations within multi-planet systems (Zhu et al. 2018). Un-
derstanding the origin and nature of this dichotomy would
clearly shed light on the history of formation and dynam-
ical evolution experienced by the compact Kepler systems.
An apparent dichotomy has also been detected in the dis-
tributions of the orbital eccentricities associated with either
single or multiple planet systems (Xie et al. 2016; Van Eylen
et al. 2019; Mills et al. 2019). The Kepler single-planet sys-
tems have a mean eccentricity 〈e1〉 ≈ 0.25–0.3, whereas the
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multi-planet systems have 〈e≥2〉 ≈ 0.05, indicating the two
populations have experienced different dynamical histories.
Different formation and evolution scenarios have been
proposed to explain the Kepler compact multi-planet sys-
tems. A study of the architectures of multi-planet systems
by Pu & Wu (2015) showed that the high multiplicity sys-
tems are close to being dynamically unstable, and these au-
thors suggested that the low multiplicity systems may have
experienced dynamical instabilities and planet-planet colli-
sions, leading to the low numbers of planets now observed in
these systems. Dynamical instabilities during the late stages
of formation can lead to the self-excitation of eccentricities
and mutual inclinations within compact planetary systems,
and numerous studies of this process have been undertaken
(e.g. Hansen & Murray 2012; Moriarty & Ballard 2016; Mat-
sumoto & Kokubo 2017; Izidoro et al. 2017; Poon et al.
2020). The results of these studies are generally in agreement
with the data on the mutual separations between the plan-
ets, but when planetary system masses are adopted that are
characteristic of those inferred for the Kepler multi-systems,
then the degree of gravitational scattering is insufficient to
provide large enough mutual inclinations or eccentricities
to explain the multiplicity and eccentricity dichotomies de-
scribed above (e.g. Poon et al. 2020).
This has led to an alternative hypothesis for explain-
ing the eccentricity dichotomy, namely that giant planets
in the outer regions of planetary systems perturb the inner
systems. Observations show that compact systems of super-
Earths can have outer giant companions. One example is
the Kepler-68 system, which contains two transiting super-
Earths/sub-Neptunes (Kepler-68b and c) with orbital peri-
ods less than 10 days, and a third planet (Kepler-68d) that
was discovered using the radial velocity (RV) technique or-
biting beyond 1 au (Gilliland et al. 2013; Marcy et al. 2014).
In general, cold gas giant planets are on eccentric orbits,
and it is well known that planet-planet scattering within
a system of gas giants can excite eccentricities to high val-
ues (e > 0.3) (Chatterjee et al. 2008; Juric´ & Tremaine 2008;
Petrovich et al. 2014). If a chain of excited outer giants coex-
ists with an inner compact system, then perturbations can
excite the eccentricities and mutual inclinations of the in-
ner planets (Matsumura et al. 2013; Becker & Adams 2017;
Hansen 2017; Mustill et al. 2017; Lai & Pu 2017; Huang
et al. 2017; Pu & Lai 2018; Zhu & Wu 2018; Masuda et al.
2020).
In this paper we explore this idea using N-body sim-
ulations, similar to previous work (e.g. Mustill et al. 2017;
Huang et al. 2017), except we explore the effects of adopt-
ing a range of multiplicities for the systems of cold giant
planets, and we choose parameters for the cold giants such
that they would be undetectable in RV surveys that have a
detection limit of vRV = 3 m s−1. We construct initial condi-
tions that consist of inner systems of super-Earths, based on
known 5-planet systems observed by Kepler, and outer sys-
tems of giant planets for which the masses are in the range
15 ≤ mp ≤ 100 M⊕ and the semi-major axes are centred
between 2 ≤ ap ≤ 10 au. The results of the simulations are
processed through a pipeline that synthetically observes the
systems using the transit method and produces statistics on
the multiplicity and eccentricity distributions for compari-
son with the Kepler data. Using these tools, we identify re-
Figure 1. Masses (M sin i) and semi-major axes of confirmed
RV planets (triangles), where planets with host star masses
Mhost < 1 M are marked with downward pointing triangles, and
planets with Mhost ≥ 1 M⊕ are marked with upward pointing
triangles. The colours of the triangles indicate the eccentricities
of the planets (they are left unfilled if the eccentricity is not
known). The solid line shows the RV detection limit (equation
1) of vRV = 3 ms−1 induced by a planet on an edge-on circular
orbit around a Solar type star. The majority of RV planets below
the solid line orbit a host star with Mhost < 1 M, making detec-
tion possible. The dashed line is the scattering limit for a planet
given by equation 2, assuming a Jupiter-like mean density and
Solar type host star. Solar System planets are marked using red
circles for reference.
gions of parameter space that produce results that are close
to being in agreement with the data.
This paper is structured as follows. In Section 2 we dis-
cuss the selection of outer planetary systems for this study,
and in Section 3 we describe the set-up of the initial condi-
tions and the selection of the inner planetary system tem-
plates. In Section 4 we present the results of our simulations,
and in Section 5 we present the synthetic observations of the
simulated systems and examine the distributions of multi-
plicities and eccentricities that arise. In Section 6 we discuss
the influence of physical effects such as a realistic collisions
model and tidal interactions that were omitted from our pri-
mary suite of simulations, and which could potentially affect
the final results when comparing to the observations. Finally,
we discuss our results and draw conclusions in Section 7.
2 CONSIDERATION OF SYSTEM SELECTION
Kepler was inefficient at detecting planets with periods
greater than 1 year (ap & 1 au) because of detection bi-
ases and the mission lifetime. Most of what we know about
longer period planets comes from RV surveys. Figure 1 shows
the masses versus semi-major axes for planets discovered by
the RV method, demonstrating the existence of a popula-
tion of Jovian planets with semi-major axes greater than
1 au. The RV survey presented by Mayor et al. (2011) in-
dicates that approximately 14% of Solar type stars host a
giant planet with orbital period . 4000 days, whereas it has
been estimated that up to 50% of stars host a super-Earth
MNRAS 000, 1–18 (2020)
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or sub-Neptune with orbital period ≤ 100 days (Fressin et al.
2013). Hence it appears that detectable cold giant planets
occur less frequently than the warm super-Earths. In this
work we are working with the implicit hypothesis that each
system of inner planets may be accompanied by a system
of outer planets, and hence we need to consider what that
unseen population might look like.
Previous studies of inner systems being perturbed by
outer planets focused on the RV-like planets, for which cold
Jupiters are massive enough to generate a detectable RV
signal, vRV. The value of vRV is given by
vRV =
√
G
1 − e2
(
mp sin ip
) 1√
ap(mp + M?)
, (1)
where G is the gravitational constant, mp is the mass of the
RV planet, ip is the inclination of the planet’s orbital plane,
ap is the semi-major axis, and M? is the mass of the host
star. We adopt an RV detection limit of vRV = 3 m s−1,
and this limit is indicated in figure 1 for an edge on circular
orbit (ip = 90◦; e = 0) around a Solar type star (M? = 1 M).
We see that only Jupiter in the Solar system lies above the
detection limit while Saturn is just below the limit.
For outer system planets to be able to induce pertur-
bations on the orbits of the inner system planets, we need
to be in the regime where strong planet-planet scattering
is favoured over planet-planet collisions. Under the condi-
tions of strong scattering, the velocity kick experienced by
a planet relative to a circular Keplerian orbit should cor-
respond approximately to the escape velocity, ve, from the
perturbing body (e.g., Ford & Rasio 2008). Strong scatter-
ing can arise when ve is larger than the Keplerian velocity,
vK (i.e. ve/vK > 1). The mass of the planet corresponding to
the ratio ve/vK is
mp =
(
3
32pi
M3?
a3pρp
) 1
2 (
ve
vK
)3
, (2)
where ρp is the internal mean density of the planet. The
dashed line plotted in figure 1 shows the scattering limit for
planets orbiting a Solar mass star, assuming ρp = ρJupiter ≈
1.33 g/cm3, where planets above the line are more likely to
induce scattering while the planets below the line are more
likely to collide during orbit crossing.
Combining our requirement that the perturbing planets
would be undetectable with long term RV surveys, with the
need for them to be in the scattering rather than collision
regime, means that we need to select bodies that lie in the
region bounded by the solid and dashed lines exterior to 1 au
in figure 1.
3 SIMULATION SET-UP
We use the N-body code mercury (Chambers 1999) to un-
dertake the simulations presented in this paper. Collisions
during the simulations are treated using a simple hit-and-
stick approach that conserves the total mass and linear mo-
mentum when two bodies collide and accrete to form a single
object. We have, however, re-run a small subset of simula-
tions to investigate the effects of adopting a more realistic
collision model, and tidal interactions with the central star,
Figure 2. The eight selected inner planetary system templates.
The symbol size represents the radius of each planet and the
colour represents the planet mass calculated using the mass-radius
relation Mp = R2.06p adopted from Lissauer et al. (2011).
as these effects were not included in our main suite of simu-
lations. For the initial conditions, we generate templates for
the inner and outer planetary systems, and combine them
to generate each model, as described below.
3.1 Inner planetary system templates
We have selected a number of Kepler five-planet systems
as templates for the inner systems using the following cri-
teria. Similar to Poon et al. (2020), we have selected those
Kepler systems where all five of the known planets are tran-
siting. The Kepler-82 and Kepler-122 systems are excluded
because Kepler-82f (Freudenthal et al. 2019) and Kepler-
122f (Hadden & Lithwick 2014) were discovered by transit
timing variations (TTVs).
We are interested in compact systems of super-Earths,
so we have chosen systems in which the known outermost
planet has semi-major axis ≤ 1.0 au or orbital period ≤ 1 yr.
The Kepler-150 system is excluded as the outermost planet,
Kepler-150f, has an orbital period of ∼ 1.74 yr (Schmitt et al.
2017). Kepler-444 system is also excluded because the plan-
ets are too small to be considered as super-Earths (Cam-
pante et al. 2015).
We adopt the mass-radius (Mp−Rp) relation Mp = R2.06p
suggested by Lissauer et al. (2011) for the inner planets,
where Mp and Rp are in Earth units. Combining this mass-
radius relation with the initial values of the eccentricities and
inclinations we adopt (see section 3.3), leads to some of the
Kepler systems becoming unstable, with at least one planet
experiencing a collision during the simulation. Section 4.1
describes the results of the stability tests. After excluding
the unstable Kepler systems, eight were selected as the inner
planetary system templates. They are Kepler-32, -55, -62, -
84, -154, -186, -238, and -296 (see figure 2).
3.2 Outer planetary system templates
The masses of the outer planets we adopted lie between 15
M⊕ and 100 M⊕. In contrast to previous studies of the effects
MNRAS 000, 1–18 (2020)
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of outer giant planets on inner systems (e.g. Mustill et al.
2015; Huang et al. 2017; Mustill et al. 2017), our outer gi-
ant planets are below the RV detection threshold discussed
above.
The number of outer planets, Nout, in each simulation
is one of 3, 6, or 12. Four different sets of mass are adopted,
where Mp,out = 15 , 30, 60 or 100 M⊕. In a given simulation,
all the outer planets start with the same mass. The mutual
separation between each giant planet pair, measured in units
of the mutual Hill radius, is K = 4. The mutual Hill radius
for a pair of adjacent planets is defined by
RH,i =
ai + ai+1
2
(Mp,i + Mp,i+1
3M?
) 1
3
, (3)
where ai is the semi-major axis of the ith planet in the sys-
tem. The dimensionless number K is
K =
ai+1 − ai
RH,i
. (4)
The value of K = 4 was chosen as a compromise between
ensuring an instability actually occurs during the simula-
tions, having a relatively short instability timescale to make
the simulations tractable, and also wanting the instability
timescale to not be so short that the outer planetary sys-
tems disintegrate within the first few orbits of the simu-
lations. We note a similar value has been used in previous
studies (Chatterjee et al. 2008; Petrovich et al. 2014; Mustill
et al. 2017).
Three different sets of locations for the outer planets are
considered, with the median semi-major axis for the outer
planets, a˜out, being 2, 5, or 10 au. The physical radii of the
outer planets, important for determining when collisions oc-
cur, are calculated by defining their mean internal densities
to be equal to that of Jupiter (1.33g/cm3).
In summary, the parameters for the outer planetary
system templates are comprised of three different multi-
plicities, four different masses and three different values of
the median semi-major axis, giving a total of 36 templates
that could be generated for each inner planetary system
template. We use a labelling convention based on the pa-
rameters of the outer planet system when describing the
runs as follows: ‘(Nout)g.(Mp,out)M.(a˜out)AU’. For example,
6g.30M.10AU refers to the outer planet template with six 30
M⊕ planets and a median semi-major axis of 10 au. Table 1
lists all the outer planetary templates we have considered in
this study. Figure 3 displays the semi-major axis distribution
of the outer planetary templates.
3.3 Constructing initial conditions for the
simulations
To investigate the effects of the outer ice/gas giant planets
on the inner super-Earths, we generate different initial con-
ditions by combining one inner planetary system template
and one outer planetary system template. We label this sys-
tem as ‘inner-planetary-template.outer-planetary-template’.
For example, Kepler55.6g.30M.10AU refers to a run which
uses Kepler-55 as the template for the inner system and
6g.30M.10AU for the outer system. To provide a statisti-
cally meaningful sample, our aim is to run each of these
systems 100 times with different random initialisations of
Table 1. The 36 different outer planet templates considered in
the study. The name of each template follows the convention
‘(Nout)g.(Mp,out)M.(a˜out)AU’. The eight templates that are the fo-
cus of most of our runs (see section 4.3) are indicated by the star
superscript.
3 giants 6 giants 12 giants
3g.15M.2AU 6g.15M.2AU 12g.15M.2AU
3g.15M.5AU 6g.15M.5AU? 12g.15M.5AU
3g.15M.10AU 6g.15M.10AU? 12g.15M.10AU
3g.30M.2AU 6g.30M.2AU 12g.30M.2AU
3g.30M.5AU 6g.30M.5AU? 12g.30M.5AU
3g.30M.10AU 6g.30M.10AU? 12g.30M.10AU
3g.60M.2AU 6g.60M.2AU 12g.60M.2AU
3g.60M.5AU 6g.60M.5AU? 12g.60M.5AU
3g.60M.10AU 6g.60M.10AU? 12g.60M.10AU
3g.100M.2AU 6g.100M.2AU 12g.100M.2AU
3g.100M.5AU 6g.100M.5AU? 12g.100M.5AU
3g.100M.10AU 6g.100M.10AU? 12g.100M.10AU
the orbital elements. This would involve running 100 sim-
ulation for all the combined templates (8 Kepler 5-planet
systems × 36 outer ice/gas giant templates × 100 runs =
28,800 N-body simulations in total), which is not possible
given our available computational resources. To make the
problem tractable, after undertaking a survey of how all the
outer system templates affect one of the inner system tem-
plates (Kepler-55), we have selected eight outer planetary
templates to focus on in detail as described in section 4.2.
Each template is run with 100 different instances of the
initial conditions. The initial eccentricities, e, of the inner
super-Earths are randomly drawn from a Rayleigh distri-
bution with eccentricity parameter, σe = 0.035. The value
of 0.035 is taken from the analysis of the Kepler systems
presented by Mills et al. (2019). The initial inclinations, I,
for each run are randomly drawn from a Rayleigh distribu-
tion with inclination parameter, σI = 0.5σe = 0.0175 radi-
ans. For the outer planets, the values of initial e and I are
uniformly distributed within a range of 0 ≤ e ≤ 0.07 and
0 ≤ I ≤ 0.035 radians. The distributions follow the relation
of e = 2I, but the initial values of e and I for each planet are
independent. The arguments of pericenter, ω, longitudes of
ascending node, Ω, and mean anomalies, M are distributed
uniformly in the range 0 ≤ (ω,Ω,M) < 2pi.
Objects whose orbital distance exceeds 100 au are re-
moved from the simulations. The central bodies of each sys-
tem have their masses and radii taken from the Kepler data
stored in NASA’s exoplanet archive. The time-steps used in
the simulations are set to be 1/20th of the shortest orbital
period of the system. Each simulation is run for 107 yr.
4 RESULTS
4.1 Stability of the inner planetary system
templates
Before embarking on a study of how the inner planetary
systems are perturbed by the outer planets, we begin by
considering the dynamical stability of the inner system tem-
plates in the absence of the outer systems. This provides a
control set for the simulations, and demonstrates that the
instabilities discussed later in this paper are caused by the
outer ice/gas giants. We carried out the stability check for all
MNRAS 000, 1–18 (2020)
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Figure 3. Semi-major axes of the outer planets within differ-
ent templates (as listed in table 1). Different planet masses are
marked in different sizes and colours. The eight outer templates
that are the focus of most of our runs (see section 4.3) are high-
lighted in pink. The black solid vertical line marks the semi-major
axis of Kepler-55c, which is the outermost planet of the Kepler-
55 system. The pink solid vertical line marks the semi-major axis
of Kepler-62f, which is the outermost planet within our eight se-
lected inner system templates. Kepler-55 is the system we selected
to study with all outer planetary templates, while Kepler-62 (and
other selected inner planetary templates) is only combined with
the eight outer planetary templates described in the text. There
are no immediate dynamical interaction between our inner and
outer planetary systems.
the selected inner planetary system templates described in
section 3.1. Adopting the inner eccentricity and inclination
distributions mentioned in section 3.3 (i.e. σe = 0.035 and
σI = 0.0175), the simulations show a number of the Kepler
system templates are prone to instability within 107 yr.
Figure 4 shows the results for the stability test. 100% of
the simulations for Kepler32, 55, 238, and 296 were stable,
while ≥ 97% of the simulations for Kepler62, 84, 154, and
186 were stable. The simulations for Kepler33, 102, 169, and
292 showed higher levels of instability, and for this reason we
remove these systems from further consideration. We note
that the purpose of this study is not to specifically assess
the stability of the Kepler 5-planet systems, since we have
made assumptions about the mass-radius relationship and
the initial eccentricities and inclinations that may not apply
to each of the systems separately. Instead, our aim is to ob-
Figure 4. Stability control test for the selected Kepler 5-planet
inner system templates. The histogram shows the number of sta-
ble runs for each template out a total of 100 simulations. Systems
with high levels of stability within 107 yr are marked by a purple
bar, and the rest are marked in grey.
Table 2. K-values of the stable Kepler 5-planet system templates.
K1 to K4 denote the K-value from the 1st to 4th pair of adjacent
planets, respectively, in order of increasing orbital radius. 〈K 〉
denotes the arithmetic mean of K for the system. Starred values
are the minimum K-values in the system, Kmin. The superscripts
refer to the following references for the stellar masses: a) Steffen
et al. (2013); b) Batalha et al. (2013); c) Xie (2014).
System K1 K2 K3 K4 〈K 〉 M
Kepler-32 50.4 17.5 22.7 13.3? 26.0 0.58
Kepler-55 23.9 25.6 26.7 10.3? 21.6 0.62a
Kepler-62 35.4 13.9? 52.8 26.8 32.2 0.69
Kepler-84 24.6 11.6? 21.0 13.9 17.8 1.00
Kepler-154 34.5 17.4 10.9? 16.4 19.8 0.89b
Kepler-186 15.8? 28.5 18.0 66.9 32.3 0.54
Kepler-238 33.7 20.3 10.8? 14.9 19.9 1.06c
Kepler-296 17.2 16.2 14.8? 18.0 16.5 0.50
tain a sample of stable inner systems, given our assumptions,
that can then be evolved in the presence of outer systems
of giants to examine whether or not the induced perturba-
tions lead to inner systems similar to those that have been
observed.
From now on we consider only the eight inner systems:
Kepler32, 55, 62, 84, 154, 186, 238 and 296. The K-values,
that quantify the mutual separations between planets in
these systems, are listed in table 2, along with the stellar
masses. The minimum value in the table is Kmin = 10.3,
which is greater than the Kmin = 7.1 required to ensure sta-
bility in a 5-planet system with circular orbits for up to 106
years (Wu et al. 2019), in agreement with the results of our
stability tests.
MNRAS 000, 1–18 (2020)
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Figure 5. Occurrence rate for the final inner planet multiplicities
for Nout = 3 (3g) runs on Kepler55. The left panel is the templates
with a˜out = 2 au, middle panel is the templates with a˜out = 5 au,
and right panel is for the a˜out = 10 au templates. Different colour
represent their relative final multiplicity. Multiplicity of 5 (yel-
low bar) illustrate unperturbed system and 0 (dark blue bar) for
completely destroyed system.
4.2 Perturbations by the outer ice/gas giants
It would be time consuming and beyond our computational
capabilities to run 100 instances for all combinations of the
inner and outer planetary system templates. To optimise the
computational resources, we selected one of the eight stable
inner templates (Kepler55) and ran simulations combining
this with all the outer system templates listed in table 1.
We ran 100 simulations for each configuration. The purpose
here is to determine which of the outer planet system con-
figurations give the most promising results, so that we can
then focus on these systems in a more comprehensive study.
The final inner system multiplicities from this set of
simulations are shown in figures 5, 6, and 7, which show the
results from the runs with 3, 6 and 12 outer planets, respec-
tively. In figure 5 we can see a drop in the final multiplicities
as a function of a˜out. Furthermore, for a given value of a˜out,
we can also see a decrease in final multiplicities as the masses
of the outer planets increases. As expected, larger planet
masses induce a greater degree of scattering, and closer or-
bits increase the probability of outer planets having close
encounters with the inner planets systems. The same be-
haviour is also seen in figures 6 and 7.
For the Nout = 3 templates (figure 5), the subset with
a˜out = 10 au shows no perturbation of the final multiplicities
of the inner systems at all. Hereafter, we refer to these kinds
of systems, where the initial and final values of inner multi-
plicity are the same (Nin,init = Nin,final), as ‘unperturbed sys-
tems’. The 3g.15M.5AU template also produces unperturbed
systems only. The remaining outer templates show that the
occurrence rate of unperturbed systems is between ∼30% to
Figure 6. Same as figure 5 but for Nout = 6 (6g) outer templates.
Figure 7. Same as figure 5 but for Nout = 12 (12g) outer tem-
plates.
∼75%, while the occurrence rate of ‘completely destroyed
systems’ (Nin,final = 0) is in the range of <10% to ∼50%.
The Nout = 6 templates (figure 6) show a very different
occurrence rate of unperturbed and completely destroyed
systems compared to the Nout = 3 templates, and more gen-
erally there is a very obvious trend towards greater degrees
of perturbation of the inner systems as the number of plan-
ets in the outer systems increases. For Nout = 6, the occur-
rence rate of completely destroyed systems covers a wide
range between ∼20 to 100 per cent, while the unperturbed
systems also shows a wide variety, from 0 to ∼80 %. Mean-
while, the proportion of final multiplicities being equal to 2,
MNRAS 000, 1–18 (2020)
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3, and 4 are also higher when comparing to the Nout = 3
templates. Figure 7 shows the final multiplicities for the
Nout = 12 templates. Most of these templates resulted in
∼80 % of the systems being completely destroyed. The tem-
plates with a˜out = 10 au are the only ones that result in
unperturbed and moderately perturbed systems among the
Nout = 12 templates.
The results shown in figures 5, 6, and 7 agree with our
expectations. Much stronger perturbations are experienced
by the inner systems when the outer system planets are: i)
closer; ii) more massive; iii) more numerous. The probability
of having a close encounter between inner and outer planets
is obviously larger for closer in outer systems, and greater
degrees of scattering are expected when the outer planets
are either more numerous or more massive.
Based on the results shown in figures 5, 6, and 7, we have
selected systems with six outer planets and with a˜out = 5
and 10 au for a more in-depth study. As highlighted in ta-
ble 1 and figure 3, in total this sample contains eight outer
system templates: 6g.15M.5AU, 6g.30M.5AU, 6g.60M.5AU,
and 6g.100M.5AU for a˜out = 5 au, and 6g.15M.10AU,
6g.30M.10AU, 6g.60M.10AU, and 6g.100M.10AU for a˜out =
10 au. The reason for choosing these systems is that they
covered the widest range of final multiplicities in our pre-
viously described runs (see figure 6). For example, all the
runs ofor 6g.100M.5AU show a perturbed inner system, while
6g.15M.10AU shows a majority of unperturbed systems.
4.3 Evolution of Kepler templates with 6-planet
outer systems
As described in section 4.2, the templates consisting of 6
outer planets centred around both 5 and 10 au provide the
eight templates we investigate further. Together with the
eight Kepler inner system templates described in section 4.1,
there are 64 systems that we now focus on. For each system
we run 100 simulations.
4.3.1 Dynamical evolution
The perturbations arising from the chaotic dynamics of the
outer planets can lead to very diverse outcomes for a given
combination of inner and outer system templates. Figure 8
shows the evolution for three different runs from the Ke-
pler55.6g.60M.10AU system, where the top panel shows the
semi-major axis of the planets, the middle panel shows the
distance of the pericentre of the planet’s orbit to the host
star, rperi, and the bottom panel shows the evolution of the
eccentricities.
The left column shows a run where a single planet sur-
vives in the inner system. Approximately 1000 years after
the start of the simulation, the outer system becomes unsta-
ble. This is as expected and compares well to the instability
timescales obtained by Chatterjee et al. (2008) when K = 4.
As the eccentricities of some of the outer planets increase,
their pericentre distances decrease and start to approach
the inner planets. At t = ×106 yr one of the outer planets
has rperi < 0.4 au (thin orange line), strongly perturbing the
inner system. Two inner planets are scattered to high ec-
centricities (ep & 0.8), resulting in a collision that forms a
single planet with ep ∼ 0.3. The remaining inner planets col-
lide with the giant interloper, an outcome that is common
during the simulations. If we were to observe the final state
of this system using a transit survey and a viewing position
which allows the remaining inner planet to transit its host
star, we would classify this system as a being a single, high
eccentricity super-Earth. The outer planets would not gen-
erally be detectable because of their orbital inclinations with
respect to the inner system, and because their orbital peri-
ods are too long for multiple transits to be detected within
the few years of operation of a Kepler-like survey. Further-
more, the outer planets are below the detection threshold of
an RV survey.
The middle column of figure 8 shows the dynamical
evolution of an unperturbed system. Even through we label
it as unperturbed, the outer planets still experience chaotic
evolution due to the small initial Hill separations. The dif-
ference compared to the previously described run is simply
that the outer planets in this simulation did not make an ex-
cursion into the inner system during the chaotic phase. The
value of rperi shows that one of the outer planets got as close
as ∼ 0.5 au (thin orange line), while the outermost inner
planet is sitting at ∼ 0.2 au (thick green line). The Hill sep-
aration of this planet pair was greater than 18 throughout
the simulation, leading to only a small perturbation of the
inner system, as demonstrated by the evolution of the eccen-
tricities that remain at essentially their initial values. Again,
if we were to observe the final state of this system using a
transit survey, there would be a finite chance of detecting
it as a multi-planet system with low eccentricities, depend-
ing on the viewing angle. Together with the high eccentric-
ity single planet system that we discussed above, these two
systems demonstrate how different evolutionary paths origi-
nating from similar initial conditions can in principle explain
results such as those presented by Xie et al. (2016), for which
the mean eccentricity of single-systems is 〈e1〉 ≈ 0.25-0.3 and
for multi-systems is 〈e≥2〉 ≈ 0.05.
An example of evolution leading to a completely de-
stroyed system is shown in the right column of figure 8.
Similar to the run shown in the left column, the chaotic
evolution in the outer system reduces rperi so that an outer
planet penetrates into the inner system at ∼ 2.5 × 106 yr.
This induces an instability within the inner system, and al-
lows one of the inner planets (thick yellow line) to accrete
the other four inner planets before colliding with the host
star.
Overall in our simulations, the dominant mechanism
that generates perturbed inner systems is strong scattering
of outer giants, leading to one or more giant planet being
scattered sufficiently that it passes within the inner system
during pericentre passage (> 95% of the perturbed systems
show orbit crossing involving an outer giant and the inner
system). Some previous studies have suggested that pertur-
bations of inner system can arise because of secular interac-
tions (e.g. Matsumura et al. 2013), but this mechanism is
not commonly seen in our study.
4.3.2 Multiplicities and eccentricities of the inner systems
Before we undertake synthetic observations of the planetary
systems resulting from the N-body simulations, and compare
them with the observations, we discuss some of their intrin-
sic properties. We find the multiplicities and eccentricities
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Figure 8. Dynamical evolution during three different runs for the Kepler55.6g.60M.10AU template. Top panel: evolution of planet semi-
major axes. Middle panel: evolution of the pericentre distances. Bottom panel: evolution of the eccentricities. Inner system planets are
marked in thick solid lines, the numbers labelling the final remaining planets are marked on the right hand side of each plot. Outer system
planets are marked using thin solid lines. The left panels show a system in which only one eccentric inner planet survives (ep ∼ 0.3). The
middle panels show an unperturbed system in which all five inner planets survive. The right panels show a completely destroyed system.
in the final planetary systems to be very diverse. Figure 9
shows the final multiplicities obtained from each of the tem-
plates, and these can be compared to the 5 and 10 au subsets
in figure 6 which apply only to the Kepler55 system. The
overall multiplicities obtained from all 8 inner system tem-
plates are very similar to those obtained from the Kepler55
system, indicating that the dynamics of the outer systems
are the main controller of the evolution of the inner systems.
The trend in the multiplicities displayed by the differ-
ent outer system templates is not unexpected. Planet-planet
scattering is more effective for systems containing more mas-
sive planets, and planets in the outer systems are more easily
able to penetrate into the inner systems if they orbit closer
to the central star. Hence, the correlations shown in fig-
ure 9 between final multiplicities of the inner systems and
the properties of the outer systems are easily understood.
The 6g.15M.10AU template shows the largest fraction of un-
perturbed systems at ∼ 75%, and the 6g.100M.5AU template
produced the largest fraction of inner systems that were
completely destroyed system, again ∼ 75% of the total. The
6g.15M.5AU template produced the largest fraction of sys-
tems that were perturbed but not completely destroyed (i.e.
1 ≤ Nin,final ≤ 4).
The final multiplicities of the inner systems at the ends
of the simulations reflect different dynamical histories, and
in general one might expect higher multiplicities to arise in
systems that have experienced smaller perturbations from
the outer planets. One might also therefore expect the final
Figure 9. Multiplicity occurrence rates from the simulations of
the 8 selected outer system templates combined with all the Ke-
pler templates. The left-most histograms are for systems with
a˜out = 5 au, and right-most histograms are for the a˜out = 10 au.
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Table 3. Mean (〈e〉), median (e˜), and standard deviations (σ)
of the eccentricity of planets in the final inner systems from the
focused outer templates runs. Different column represent differ-
ent final inner multiplicities. The eccentricity distributions with
values of 〈e〉, e˜ , and σ listed here are show in figure 10 and 11.
Multiplicity
1 2 3 4 5
〈e〉 0.48 0.24 0.15 0.10 0.06
e˜ 0.48 0.21 0.12 0.08 0.05
σ 0.21 0.16 0.11 0.09 0.06
eccentricity distributions to correlate with the multiplicities.
Figure 10 shows eccentricities versus semi-major axes from
all 64 inner/outer template combinations, with each panel
showing data for the different multiplicities (one to five plan-
ets). Table 3 also lists the mean and median eccentricities,
〈e〉 and e˜, for different multiplicities at the ends of the simu-
lations. These values, and figures 10 and 11, show a clear in-
verse relation between the final multiplicities and the values
of 〈e〉 or e˜, as expected. Figure 11 shows the final eccentric-
ity distribution for the unperturbed systems (5-planets, red
solid line) has remained similar to the initial eccentricity dis-
tribution (Rayleigh distribution with σe = 0.035, red dashed
line). This can also be compared to the eccentricity distri-
bution that arose from the simulations performed to check
the stability of the Kepler templates, described in section 4.1
(denoted by the grey dashed line in figure 11). The similarity
between these three distribution shows that if the inner sys-
tem retains the original multiplicity, the perturbations from
the outer systems are small and do not significantly excite
the inner systems.
The single planet systems (blue solid line in figure 11
and left panel in figure 10) are the most eccentric on av-
erage. The e-distribution for 1-planet systems is well fitted
by a Rayleigh distribution with σe = 0.410 for e < 0.6 (fig-
ure 11, magenta dashed line), but these systems did not
provide enough high eccentricity planets with 0.6 < e < 1
to fit the large eccentricity end of the Rayleigh distribution.
The e-distribution for 2-planet systems (green solid line) is
similar to the Rayleigh distribution with σe = 0.167 (blue
dashed line, the suggested Rayleigh distribution eccentricity
parameter for observed single-planet system suggested by
Mills et al. (2019)). We note that we are looking at the in-
trinsic properties of the systems here, and not those derived
from a set of synthetic transit observations, so the fact that
the simulated 1-planet systems do not match the Rayleigh
distribution for σe = 0.167 is not particularly relevant, as we
discuss later in this paper when we examine the results of
synthetic transit observations of the simulated systems (see
section 5).
Figure 12 shows the cumulative distribution functions
for the final semi-major axes of the simulated planets as
a function of the final multiplicity. Unlike in figure 11, the
semi-major axis distributions do not vary strongly with mul-
tiplicity, and are very similar to the initial values. The right
panel of figure 10 shows a pattern of vertical strips indi-
cating that the planets in the unperturbed systems did not
move away from their original semi-major axes significantly.
Furthermore, we also observe a tendency for the innermost
and outermost planets to be the most eccentric for the sys-
tems containing 3, 4 and 5 planets. The outermost planets
Table 4. Final multiplicity occurrence rates for a selection of
outer system templates (where planets have final a > 1). Rates
in the right-most column are the sum of the occurrence rates for
multiplicities of 2 and 3. Note that systems recorded as having
zero giant planets actually have surviving planets with a < 1.
Multiplicity occurrence rate (%)
Outer template 0 1 2 3 4 5 6 {2, 3}
3g.15M.2AU 0 4 82 14 - - - 96
3g.30M.2AU 0 16 82 2 - - - 84
3g.60M.2AU 2 56 42 0 - - - 42
3g.100M.2AU 1 64 54 1 - - - 55
6g.15M.2AU 0 7 30 44 19 0 0 74
6g.30M.2AU 0 18 58 24 0 0 0 82
6g.60M.2AU 0 47 49 4 0 0 0 53
6g.100M.2AU 1 64 34 1 0 0 0 35
6g.15M.5AU 0 0 0 2 25 56 17 2
6g.30M.5AU 0 2 14 37 44 3 0 51
6g.60M.5AU 0 16 53 30 1 0 0 83
6g.100M.5AU 0 39 53 8 0 0 0 61
6g.15M.10AU 0 0 0 2 3 38 57 2
6g.30M.10AU 0 0 1 21 37 37 4 22
6g.60M.10AU 0 12 35 40 12 1 0 75
6g.100M.10AU 0 27 61 11 1 0 0 72
in these systems have experienced the strongest perturba-
tions due to the outer planets, and hence show enhanced ec-
centricities. The innermost planets that display the largest
eccentricities, however, obtained these larger values because
of the redistribution of angular momentum deficit (AMD,
Laskar & Petit 2017) within some of the inner planetary
systems during the evolution described in Sect. 4.1, prior to
the runs being performed with the giant planets having been
inserted. This point is discussed further in appendix A. For
lower multiplicities these patterns becoming increasingly in-
distinct, which together with the eccentricity distributions
mentioned above, indicates that the planets in small multi-
plicity systems have experienced stronger scattering, as ex-
pected.
4.4 Multiplicities and eccentricities of the outer
systems
The outer planet templates we consider in this study are
at or below the RV detection limit (assumed to be 3 m s−1)
and are not amenable to transit surveys. Hence, the out-
comes of our N-body simulations cannot be compared with
observations. Previous studies have focused on outer giant
systems comprised of planets that are above the RV detec-
tion limit (e.g., Chatterjee et al. 2008; Petrovich et al. 2014;
Huang et al. 2017). Juric´ & Tremaine (2008) suggested that
the dynamical evolution of initially high multiplicity giant
systems (Ninit > 3 and mp > 0.1 MJ ∼ 32 M⊕) are likely
to result in a lower multiplicity (Nfinal = {2, 3}). A sub-
set of our simulations with initial conditions lying within
those ranges (e.g., 6g.60M.5AU and 6g.100M.10AU) agree
with Juric´ & Tremaine (2008), where the final systems with
Nout,final = {2, 3} make up the majority (see right column
of table 4). On the other hand, a subset of our simulations
do not lie within the parameter space studied by Juric´ &
Tremaine (2008). Our outer system templates include plan-
ets with masses smaller than 0.1 MJ. For those systems (e.g.
6g.15M.5AU and 6g.30M.10AU), the majority of systems no
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Figure 10. Scatter plots of e as a function of a for the final inner planetary systems. Different panel shows the distribution of different
final inner system multiplicities (from the left panel for Nin,final = 1 in order to right panel for Nin,final = 5).
Figure 11. Cumulative distribution functions, CDFs, of the fi-
nal inner system planet eccentricities obtained from the focused
templates simulations. The solid lines correspond to the distribu-
tion of different Nin,final-planet systems. For comparison, the blue,
red, and purple dashed line show the distribution of eccentricities
drawn from Rayleigh distributions with eccentricity parameters
σ = 0.167, 0.035, and 0.410 respectively. The gray dashed line is
the CDF drawn from the set of control (with no outer planetary
system, section 4.1).
longer end up with multiplicities of 2 or 3. For example,
the template 6g.15M.5AU ended up with only 2 % of sys-
tems having 2 or 3 planets. A correlation between the final
multiplicities and the masses of the planets can be seen in
table 4, where the lower mass planets maintain a higher final
multiplicity due to less efficient scattering.
The upper panel of figure 13 shows the eccentricities
versus semi-major axes of the outer giant planets from the
Kepler55.3g (Nout,init = 3) runs. According to table 4, most
of the systems in this subset end up with Nout,final = 2. This
agrees with previous studies that considered three outer
planets, where Nout,final = 2 is the most common outcome
(e.g., Petrovich et al. 2014; Huang et al. 2017). Furthermore,
the 2-planet systems show a v-shaped distribution, which
can also be seen in the simulation results of Chatterjee et al.
(2008), Petrovich et al. (2014), and Huang et al. (2017). Sim-
ilar to Chatterjee et al. (2008), we demonstrate that there
Figure 12. CDFs of the inner planet semi-major axes obtained
from 64 different combinations of inner/outer templates. Differ-
ent line colours represent different multiplicities. The grey line
represents the CDF of the initial semi-major axes.
exists a separation between the inner and outer planets in
the population of the 2-planet systems. A clear division be-
tween the two sub populations can be seen, where the inner
planet tends to follow the apoapsis, a = ain/(1+e), of the ini-
tial innermost planet (left dashed line in figure 13), and the
outer planet tends to follow the periapsis, a = amid/(1− e), of
the middle planet of the three original planets (right dashed
line). The ain and amid that applied to the dashed lines
in figure 13 are 1.51 and 2.00 au respectively, where this
value came from the semi-major axes of the innermost and
middle planets in the outer systems that make up the Ke-
pler55.3g.100M.2AU template.
The v-shaped distribution seen in the upper panel can-
not be seen in the results from the higher initial multiplic-
ity templates, such as Kepler55.6g.2AU (figure 13, bottom
panel), because the larger amount of scattering washes this
feature out. This feature can also not be seen in the e ver-
sus a plot for the observed RV planets shown in figure 14,
indicating that this population is not consistent with it be-
ing the result of scattering from initial conditions similar to
those in the Kepler55.3g (Nout,init = 3) runs.
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Figure 13. Scatter plots e versus a for the final outer planets
resulting from a subset of the Kepler55 runs. Different symbols
represent the different values of Nout,final. For the Nout,final = 2 case,
the inner planets are marked in red while the outer planets are
marked in blue. The upper panel shows results for systems where
the outer systems had Nout, init = 3 planets and a˜out, init = 2 au. The
left dashed line denotes the value of a = 1.51/(1+ e) and the right
dashed line denotes the value a = 2.0/(1 − e). The bottom panel
shows the e versus a distribution from a subset of outer templates
with Nout, init = 6 and a˜out, init = 2 au.
Figure 14. Eccentricities versus semi-major axes of the observed
RV planets. 1-planet systems are marked as green circles, 2-planet
systems are marked as pink crosses, 3-planet systems are marked
as black triangles, and RV systems with multiplicities higher than
three are marked with unfilled black diamonds.
5 SYNTHETIC OBSERVATION OF THE
FINAL PLANETARY SYSTEMS
The multiplicity of a planetary system observed using the
transit method depends on the viewing angle, intrinsic mul-
tiplicity and mutual inclinations between the planets within
the system, the radius of the host star and orbital radii of the
planets (where we have ignored the effect of the finite planet
radius). To compare the outcomes of our N-body simulations
with analyses of Kepler data relating to the multiplicity and
eccentricity dichotomies, we now present the results of syn-
thetically observing the simulation results.
Each simulated planetary system is synthetically ob-
served from 10,000 randomly chosen viewing locations,
isotropically distributed with respect to each host star. We
only consider planets that are within the inner planetary sys-
tem (ap < 1 au). As the smallest planet we considered in the
simulations (Kepler-62c) is a confirmed Kepler planet, we
assume all planets satisfy the observation limits of a Kepler-
like survey.
5.1 Observed multiplicities
Following the approach of Johansen et al. (2012), we con-
sider the relative numbers of one-planet, two-planet, ..., five-
planet systems detected when the simulation outcomes are
synthetically observed. Similar to Poon et al. (2020), using
the observed numbers of one-planet, two-planet, etc. sys-
tems, we then define a Transit Multiplicity Ratio (abbrevi-
ated to TMR hereafter) as follows:
TMR(i : j) = Number of i-planet systems
Number of j-planet systems
, (5)
where i and j represent the numbers of planets detected
during each synthetic observation of each system.
The TMR values obtained are shown in figure 15. The
coloured histograms show the values obtained for each of
the outer system templates, the jade vertical dashed lines
mark the TMR values of the initial conditions, the black
vertical lines mark the TMRs from the Kepler data, and the
blue vertical dotted line shows the results obtained by Poon
et al. (2020) from their simulations of in situ formation of
super-Earth systems.
The TMRs drop below the initial values for all outer
templates and for all multiplicity ratios. For the 2:1 and
3:2 TMRs, the systems with a˜out = 5 au provide some-
what better fits to the Kepler TMRs than those with a˜out =
10 au. Considering the 2:1 TMR panel in particular, the
6g.15M.5AU, 6g.60M.5AU, and 6g.60M.10AU templates have
an almost exact match to the Kepler 2:1 TMR. Very close
agreement is obtained between the Kepler 3:2 TMR and
those produced by the templates 6g.15M.5AU, 6g.30M.5AU
and 6g.60M.5AU. Apart from the 6g.15M.5AU template, how-
ever, the 3:2 TMRs obtained from the synthetic observa-
tions are higher than obtained from the Kepler data, indi-
cating that the simulations are over-producing systems of
3 transiting planets relative to 2 transiting planets. Indeed,
for higher multiplicity ratios than 2:1 more generally, the
simulated TMRs are higher than the corresponding Kepler
TMRs, suggesting that the mutual inclinations within the
simulated systems are smaller than among the Kepler sys-
tems.
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Figure 15. Synthetic TMRs from the simulations. Different
coloured bars denote TMRs of different outer templates. The
green dashed vertical lines show the TMRs of the initial inner
systems, the black vertical lines show the observed Kepler TMRs,
and the blue dotted lines show the TMRs obtained from N-body
simulations of in situ formation of super-Earths by Poon et al.
(2020).
When considering the TMRs across all multiplicity ra-
tios, we see that the template 6g.15M.10AU is consistently
a factor of ∼1.5-2 above the corresponding Kepler TMRs,
and can be considered the worst performing template. The
TMRs for this template remain closer to the initial val-
ues compared to the others, because the majority of final
systems for this template are unperturbed systems (see fig-
ure 9), so it is expected that the change in TMRs would be
limited. While no template fits the Kepler TMRs for all mul-
tiplicity ratios, the best performing overall are 6g.15M.5AU,
6g.60M.5AU, 6g.100M.5AU and 6g.60M.10AU. Each of these
provides a decent fit to the Kepler TMRs for three of the
multiplicity ratios considered in figure 15, and each performs
relatively poorly in one of multiplicity ratios.
In figure 15, comparison can also be made between the
simulated TMRs to the TMRs from the in situ formation
simulations in Poon et al. (2020), where the mutual incli-
nations of the super-Earths are self-excited by gravitational
scattering between the planets as they form. In general (ex-
cept for the 3:2 TMR for 6g.15M.10AU), the TMRs obtained
in this current study are in significantly closer agreement
with the Kepler observations than those obtained for sys-
tems that do not experience perturbations from outer plan-
ets.
5.2 Eccentricity distributions
In a recent study, Xie et al. (2016) suggested that the
mean eccentricity of Kepler single planet systems is sig-
nificantly higher (〈e〉 ≈ 0.3) than that of the multi-planet
systems (〈e〉 ≈ 0.04). More recently, Mills et al. (2019) also
showed there is an eccentricity dichotomy, and they obtained
〈e〉 ≈ 0.21 for singles and 〈e〉 ≈ 0.05 for multi-planet systems.
Recent studies that consider the dynamics of planets in
compact inner systems show that a small dichotomy arises
between the eccentricities of the single and multi-transiting
systems, but these fail to reproduce the large eccentricity
values for the 1-planet systems (e.g. Poon et al. 2020; Mac-
Donald et al. 2020). An increase in the orbital eccentricity
of a planet can be induced by planet-planet scattering, but
this is limited to producing values ep ∼ ve/vK, where ve/vK
represent the escape velocity from a planet and the Keple-
rian velocity. Van Eylen et al. (2019) and Poon et al. (2020)
argued that higher mass components are needed in order for
scattering to produce systems with high enough eccentrici-
ties to match the observations.
Table 5 lists the mean and median eccentricities from
our synthetic transit observations. Each template shows a
clear eccentricity dichotomy, where the values of the means
and medians of the eccentricities for single-transiting sys-
tems are always larger than the values for multi-transiting
systems ({〈e1〉, e˜1} > {〈e≥2〉, e˜≥2}). The dichotomy signal
becomes stronger as the masses of the outer planets in-
creases and the initial orbital radii decrease. For example,
the 6g.100M.5AU template gives {〈e1〉, 〈e≥2〉} = {0.25, 0.08},
while the template with lower mass, 6g.15M.5AU, gives
{〈e1〉, 〈e≥2〉} = {0.15, 0.07}. The template 6g.15M.10AU
has the lowest mass and the most distant outer planets,
and only displays a small eccentricity dichotomy signal
({〈e1〉, 〈e≥2〉} = {0.11, 0.06}). The value of {〈e1〉, 〈e≥2〉} for
the template 6g.15M.10AU is only slightly higher than the
value for the control set of simulations (only the inner Ke-
pler templates and no outer systems), as the multiplicities
shown in figure 9 illustrate that ∼ 75 % of the runs using
this template resulted in an unperturbed system.
Rather than just considering the mean and median val-
ues of the eccentricity distributions, Mills et al. (2019) sup-
posed the distributions follow a Rayleigh distribution and
concluded that under this assumption the eccentricity pa-
rameters σe = 0.167 and 0.035 gave the best fits to the
Kepler single and multiple systems, respectively. Figure 16
shows the eccentricity distributions of the synthetically ob-
served single and multiple systems (thick solid blue and
red lines) from the 6g.60M.5AU template, together with the
Rayleigh distributions suggested for the Kepler single and
multiple systems (dashed blue and red lines) (Mills et al.
2019). Similar plots for all eight outer system templates are
shown in figures B1 and B2 in the appendix, and although
they differ in detail the plots show similar behaviours and
trends. In figure 16 we see that the synthetically observed e-
distribution for the single-transiting systems does not follow
a Rayleigh distribution very closely, but nonetheless it has
a median eccentricity very similar to that of the suggested
Rayleigh distribution with σe = 0.167. For the multiple sys-
tems, their distributions are closer to a Rayleigh distribu-
tion, and we see that as the multiplicity decreases there is a
tendency for the eccentricities to increase. For example, the
2-planet systems produce a more eccentric distribution than
the 4- or 5-planet systems, and this is because on average
the lower multiplicity systems come from observations of sys-
tems that have been more strongly perturbed by the outer
planets. Hence, the synthetically observed systems show the
same inverse relation between eccentricity and observed mul-
tiplicity that was noted in section 4.3.2 when discussing the
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Table 5. Mean (upper table) and median (lower table) eccentric-
ity of the inner systems obtained by the synthetic transit obser-
vations in different outer templates. The observed mean eccen-
tricities are listed by their observed multiplicity. The subscript 1
represents the single-transit systems and subscript ≥ 2 represents
the multi-transiting systems. The control set did not include outer
systems in the runs (see section 4.1).
Mean eccentricity
Template 〈e1 〉 〈e2 〉 〈e3 〉 〈e4 〉 〈e5 〉 〈e≥2 〉
6g.15M.5AU 0.21 0.10 0.07 0.05 0.06 0.09
6g.30M.5AU 0.23 0.09 0.05 0.05 0.06 0.09
6g.60M.5AU 0.25 0.09 0.06 0.05 0.05 0.07
6g.100M.5AU 0.25 0.08 0.06 0.04 0.05 0.08
6g.15M.10AU 0.11 0.06 0.05 0.04 0.05 0.06
6g.30M.10AU 0.17 0.08 0.06 0.05 0.05 0.08
6g.60M.10AU 0.23 0.11 0.07 0.05 0.06 0.10
6g.100M.10AU 0.22 0.11 0.06 0.05 0.04 0.08
Control 0.08 0.05 0.04 0.04 0.04 0.05
Median eccentricity
Template e˜1 e˜2 e˜3 e˜4 e˜5 e˜≥2
6g.15M.5AU 0.15 0.08 0.06 0.04 0.06 0.07
6g.30M.5AU 0.17 0.07 0.04 0.04 0.06 0.07
6g.60M.5AU 0.20 0.07 0.05 0.04 0.04 0.06
6g.100M.5AU 0.23 0.07 0.05 0.04 0.05 0.06
6g.15M.10AU 0.08 0.05 0.04 0.04 0.04 0.05
6g.30M.10AU 0.11 0.06 0.05 0.04 0.05 0.06
6g.60M.10AU 0.16 0.09 0.06 0.05 0.06 0.07
6g.100M.10AU 0.16 0.07 0.05 0.04 0.04 0.06
Control 0.07 0.05 0.04 0.04 0.04 0.05
Figure 16. CDFs of the eccentricities obtained from the synthetic
observations of the simulations for the 6g.60M.5AU template. For
comparison, the CDFs of eccentricities drawn from Rayleigh dis-
tributions with eccentricity parameters σ = 0.167 and σ = 0.035
are also plotted.
intrinsic properties of the simulated planetary systems, al-
beit at a lower level of significance.
Figure 16 also shows that the 2-planet systems (yellow
line) provide the main contribution to the eccentricity dis-
tribution for all multi-planet systems (thick red line), and
the effect of this is to shift the eccentricity distribution away
from that displayed by the control set that characterises the
dynamics of the unperturbed inner systems, to one corre-
sponding to systems that are more dynamically excited. This
effect reduces the dichotomy signal between the single and
multiple systems that comes out of the synthetic observa-
tions because the detected 2-planet systems are generally
more excited than the higher multiplicity systems.
Considering both the TMRs and the mean eccentricities
together, the template 6g.60M.5AU appears to be the best
performing overall. The mean eccentricities for single and
multiple systems show a strong dichotomy {〈e1〉, 〈e≥2〉} =
{0.25, 0.07} that is in decent agreement with the Kepler ec-
centricity dichotomy {〈e1〉, 〈e≥2〉} = {0.3, 0.04} (Xie et al.
2016) or {〈e1〉, 〈e≥2〉} = {0.21, 0.05} (Mills et al. 2019). The
2:1, 3:2 and 5:4 TMRs are in very good agreement with the
Kepler TMRs, with only the 4:3 TMR being in significant
disagreement. The template 6g.100M.5AU also performs well,
while for the more distant systems of outer planets centred
around 10 au the template 6g.60M.10AU is the best perform-
ing.
6 IMPACT OF ADDITIONAL PHYSICS
In this section we consider the impact of different physical
processes that were not included in the main suite of simu-
lations presented in earlier sections.
6.1 Relativistic precession
Precession due to General Relativity (GR) can become a
significant effect for planets orbiting close to their host
stars, and in particular can influence the secular interac-
tions within planetary systems, as shown for example in the
recent study by Marzari & Nagasawa (2020). As discussed
in section 4.3.1, the dominant effect that perturbs the in-
ner systems in our study is the mutual scattering of outer
giants, such that during pericentre passage they enter the in-
ner system and cause strong scattering of the planets there.
We do not expect GR to provide a stabilising effect in this
situation, and this expectation appears to be confirmed by
Huang et al. (2017), who examined the influence of GR in
their study of planetary scattering.
6.2 Planet-planet collisions
Our simulations adopted a perfect merger treatment of
planet-planet collisions, and a more realistic prescription
might lead to removal of mass from the colliding bodies
(Leinhardt & Stewart 2012; Stewart & Leinhardt 2012), es-
pecially for high-velocity close-in and eccentric collisions. To
investigate the changes to our main results that arise when
using a more realistic collision model, we have rerun a sub-
set of simulation using a version of symba (Duncan et al.
1998; Poon et al. 2020; Scora et al. 2020), which implements
the collision algorithm from Leinhardt & Stewart (2012).
Here, the outcome of a collision falls into one of nine regimes:
supercatastrophic disruption, catastrophic disruption, ero-
sion, partial accretion, hit-and-spray, hit-and-run, bouncing
collision, graze-and-merge, and perfect merger, depending
on the collision conditions. The total mass before and after
a collision is conserved and obeys the relation of,
MTotal = MLR + MSLR + MTotal,debris, (6)
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Figure 17. CDFs of the eccentricities obtained from synthetic
observations of the simulation outcomes for the 6g.60M.5AU tem-
plate by the perfect (dotted lines) and the realistic (solid lines)
accretion model. The dotted lines are the same as the thick solid
lines from figure 16 in the same colours. The p-values from the
K-S test are p1 = 0.11 and p≥2 = 0.07.
where MTotal is the total mass of the colliding bodies before
the collision, MLR is the mass of the post-collision largest
remnant, MSLR is the mass of the second largest remnant,
and MTotal,debris is the total mass of the debris particles that
generated during the collision. For a detailed description of
the adopted version of symba, we refer the reader to the
model descriptions in Poon et al. (2020) and Scora et al.
(2020).
We consider the runs from the subset labelled
6g.60M.5AU (8 inner planetary systems × 100 runs each
= 800 runs in total). Given we are using symba and not
mercury for these simulations, we ran the same 800 set
of initial conditions using both perfect accretion and the
more realistic collision model. Figure 17 shows the cumu-
lative distribution function of eccentricities obtained from
the synthetic transit observation of the final systems. The
different collision models provide similar distributions of the
observed eccentricities for both single- and multi-transit sys-
tems. They lead to similar mean and median values, where
the perfect accretion models have {〈e1〉, e˜1, 〈e≥2〉, e˜≥2} =
{0.25, 0.20, 0.07, 0.06} (table 5) and realistic collision mod-
els have {0.25, 0.18, 0.07, 0.06}. Moreover, the Kolmogorov-
Smirnov test (K-S test) between the two sets of syntheti-
cally observed eccentricities yields p-values for the single-
and multi-transit of p1 = 0.11 and p≥2 = 0.07, respectively.
Poon et al. (2020) demonstrates that the re-accretion of the
collision debris occurs quickly (on a time-scale of 103 yr)
and most of the debris (>80 %) is re-accreted back by the
largest/second largest remnant. This test shows that our re-
sults are insensitive to the collision prescription used in the
simulations.
6.3 Tidal dissipation
The simulations presented in this study considers the dy-
namics of close-in super-Earths, for which tidal interactions
with the central star could lead to significant eccentricity
Figure 18. CDFs of the tidal eccentricity damping time-scale
obtained by equation 7. The vertical dashed line marked the 10
Myr time (main simulation runtime) and the dotted line marked
the 1 Gyr time.
damping. Goldreich & Soter (1966) (see also Jackson et al.
2008) derived the tidal eccentricity damping timescale of the
planet, τtidal as
τtidal =
[
4
63
(
GM3?
)−1/2 Mp
R5p
Qp
]
a13/2p , (7)
where Rp is the radius of the planet and Qp is the tidal
dissipation parameter. Figure 18 shows the values of τtidal
obtained from equation 7 with the value of Qp = 100 for
all the planets contained in the inner planetary templates.
The appropriate value of Qp is uncertain, and is thought
to range between 100 . Qp . 104, with smaller values ap-
plying to Earth-like bodies and the larger values applying to
planets with significant gas envelopes. For the adopted value
of Qp we see that 10 % of the planets in the inner systems
have τtidal smaller than the simulation runtime of 107 yr, and
more importantly ∼ 50% of the planets have τtidal ≤ 1 Gyr,
indicating that tides should play an important role over the
typical ages of the Kepler systems.
Equation 7 shows that the eccentricity damping time
is a strong function of semi-major axis, and hence within a
multiplanet system we would expect the inner-most planet
to experience the strongest tidal damping. Secular inter-
actions combined with tidal dissipation, however, can in-
crease the efficiency with which the eccentricities of more
distantly orbiting planets are damped, and hence it is nec-
essary to consider the coupled evolution of entire planetary
systems when considering the effects of tidal dissipation on
the observed eccentricity distribution. To examine the effect
of tides on our results, we have extended the simulations
labelled as 6g.60M.5AU, including tidal forces on all plan-
ets operating on timescales given by equation 7. Ideally we
would run the simulations for 1 Gyr, but this is not possi-
ble for the short-period systems we are considering, so we
instead adopt the value of Qp = 1 and a runtime of 10 Myr,
which should be equivalent to running the simulations for 1
Gyr with Qp = 100 because of the linear relationship between
Qp and τtidal .
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Figure 19. Eccentricities versus semi-major axes of the simula-
tion results from 6g.60M.5AU template. Upper panel: the simula-
tion results from the main simulations (10 Myr N-body, without
tidal dissipation); Lower panel: the simulation results of the next
10 Myr N-body + 1 Gyr adopted tidal evolution. The colour for
each data point illustrates the fractional change of eccentricity,
∆e.
Figure 19 shows the eccentricity distributions for the
6g.60M.5AU subset of runs, where the upper panel shows
the results after the first 10 Myr without tidal forces ap-
plied and the lower panel shows the results after another 10
Myr during which tidal damping was applied. The colour
for each data point illustrates the fractional change of ec-
centricity, ∆e = (ei − ef)/ei. As expected, tidal damping is
more effective for close-in planets (a . 0.1 au). The heavily
damped planets (blue data points) contain ∼ 30 − 40 % of
the overall population, which is similar to the CDF value at
109 yr from Figure 18. These heavily damped planets end
up in essentially circular orbits.
Figure 20 compares the synthetically observed eccen-
tricity distributions for the systems with and without tidal
damping. Around 35 % of the single-transiting planets and
20 % of the planets in multi-transiting systems end up with
very low eccentricities (e < 0.01), and we see in general that
tides cause a significant shift in the observed eccentricity
distributions of both single- and multi-transiting systems.
A contributing factor in explaining these changes is the fact
that the most heavily damped planets are also the innermost
planets of the systems, which have the highest probability to
transit (P ∼ R?/ap). However, more distantly orbiting plan-
ets are also observed, and these are not strongly affected by
tides, and so contribute a significant number of high eccen-
Figure 20. CDFs of the eccentricities obtained from the synthetic
observations of the simulations for the 6g.60M.5AU template by
the 10 Myr no tidal damping model (dotted lines) and the next
10 Myr + 1 Gyr tidal damping model (solid lines). The dotted
lines are the same as the thick solid lines from figure 16 in the
same colours.
tricity planets to the observed distributions. It is interesting
to note that a clear eccentricity dichotomy is maintained,
even in the presence of eccentricity damping, when compar-
ing the eccentricities of single- and multi-transiting planets.
The shifted eccentricity distributions have mean and
median eccentricities of {〈e1〉, e˜1} = {0.17, 0.11} and
{〈e≥2〉, e˜≥2} = {0.04, 0.04}, which are clearly smaller than
those obtained from the 6g.60M.5AU simulations with-
out eccentricity damping: {〈e1〉, e˜1} = {0.25, 0.20} and
{〈e≥2〉, e˜≥2} = {0.07, 0.06}. Hence, these values are signifi-
cantly influenced by tides, as expected, but also maintain
a significant dichotomy between single- and multi-transiting
systems. This dichotomy signal is stronger than that which
arises from the in-situ self scattering model (e.g. Poon et al.
2020).
Compared to the Kepler systems examined by Mills
et al. (2019), for which {〈e1〉, 〈e≥2〉} = {0.21, 0.05}, we see
that the simulations with tides applied now produce mod-
erately smaller values of the mean eccentricities compared
to the Kepler systems. We note, however, that Mills et al.
(2019) list the seven most eccentric single-transiting systems
in their table 1, and five out the seven have orbital periods
in excess of 16 days. Furthermore, six out of the seven plan-
ets have radii ≥ 2.2 R⊕, such that the appropriate value of
Qp may significantly exceed our adopted value of Qp = 100 if
these planets have significant gas envelopes. Hence, it seems
likely that the most eccentric Kepler systems identified by
Mills et al. (2019) have orbital and physical parameters that
render tidal eccentricity damping relatively ineffective over
Gyr timescales. Mills et al. (2019) consider the possibility
that the single-transiting systems are actually composed of
two sub-populations: low and high eccentricity systems. Our
results support this hypothesis, and show that these two
populations can be explained by tidal eccentricity damping.
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7 DISCUSSION AND CONCLUSIONS
We have presented the results of N-body simulations of outer
systems of giant planets that coexist with inner compact
systems of super-Earths. The outer planetary systems are
set up to become dynamically unstable, and the purpose
of this study is to examine whether or not perturbations
from the outer planets, acting on the inner systems, are able
to generate dichotomies in the multiplicity and eccentricity
distributions that agree with the Kepler data for compact
systems of super-Earths.
There have been previous studies of the influence of
outer giant planets perturbing inner systems (Mustill et al.
2017; Huang et al. 2017), and in this work we have examined
the influence of the multiplicities, orbital radii and masses of
the planets that make up the outer systems. We have consid-
ered systems of Nout = 3, 6 and 12 outer planets, that are cen-
tred on orbital radii a˜out = 2, 5 and 10 au. The planet masses
were varied between Mp,out = 15 and 100 Earth masses, and
we chose parameters that ensure these bodies would be be-
low the detection thresholds of long-term RV surveys. The
inner systems were set up using eight of the known 5-planet
systems that were discovered by Kepler as templates. We
ran 100 simulations for each combination of inner and outer
system templates considered.
The final multiplicities of the inner systems are found
to be highly dependent on the architectures of the outer
systems. The multiplicity tends to be smaller when the ini-
tial values of Nout and Mp,out increase and a˜out decreases.
Some outer system templates fail to induce significant per-
turbations on the inner systems, leaving the multiplicity un-
changed (‘unperturbed systems’), while other outer system
templates induce very strong perturbations, leading to insta-
bilities in the inner systems in all runs performed for that
template.
For outer systems with Nout = 3 and a˜out = 10 au, the
gravitational scatterings among the outer planets are not
strong enough for any of the giant planets to come close
enough to the inner systems to generate noticeable distur-
bances. On the other hand, the Nout = 12 systems generated
strong perturbations on the inner systems, and only the sub-
set of runs with a˜out = 10 au allows some systems to survive
relatively unperturbed. Except for the 12g.15M.10AU tem-
plate, all other Nout = 12 templates have an ∼ 80 per cent
chance of completely destroying the inner system, while the
other ∼ 20 per cent mostly have one inner planet surviving.
Hence, the occurrence rates of inner systems of planets that
arise from the Nout = 12 runs are much smaller than im-
plied by the Kepler data for planets around Solar-type stars
(Fressin et al. 2013; Petigura et al. 2013). A recent analy-
sis by Zhu et al. (2018) suggests the mean multiplicity of
super-Earth systems with periods < 100 days is ∼ 3, and
approximately 1/3 of Sun-like stars host compact planetary
systems. The Nout = 12 outer systems we have considered
produce outcomes that are in clear disagreement with these
numbers.
We selected eight outer system templates with Nout = 6
at a˜out = 5 or 10 au for a more in-depth investigation of their
effects on the inner systems. The results show a wide range
of final multiplicities, from the template 6g.15M.10AU re-
sulting in unperturbed inner systems in ∼ 75 % of the runs,
to 6g.100M.5AU completely destroying ∼ 75 % of the in-
ner systems. A common outcome is the generation of single
planet inner systems with relatively high eccentricities, as
required by the observed eccentricity dichotomy. The simu-
lations also produce a clear relation between the final multi-
plicities and the eccentricity distributions, where inner sys-
tems with higher final multiplicities have lower eccentrici-
ties. For runs where the final planet number in the inner
system Nin,final = 5, the final eccentricity distribution is sim-
ilar to the initial distribution, as expected. The Nin,final = 1
systems, however, have large eccentricities with a mean of
〈e1〉 = 0.48.
We undertook synthetic transit observations of the fi-
nal inner systems. We counted the relative numbers of one-
planet, two-planet, ..., five-planet systems detected by the
synthetic observations, and compared this to the ratios of
the observed multiplicities in the Kepler data. We found that
the simulated systems in this paper produce better agree-
ment with the Kepler data compared to the multiplicity ra-
tios obtained from N-body simulations that only consider
self-excitation of inner systems of super-Earths (e.g. Poon
et al. 2020). Some of our outer templates, such as those
with a˜out = 5 au, resulted in inner systems that are in very
good agreement with the Kepler multiplicity ratios, and re-
produce the Kepler multiplicity dichotomy.
Synthetic observation of the simulated inner systems
produces a very clear eccentricity dichotomy. The sin-
gle transiting planet systems always have a significantly
higher mean eccentricity, 〈e〉, than the multi-transit sys-
tems. Compared to control runs which were performed for
inner systems without any outer giant planets, the differ-
ences between the mean eccentricities for single systems,
〈e1〉, and those for multiple systems, 〈e≥2〉, are much larger
in our models with outer planets. The control runs pro-
duce {〈e≥2〉, 〈e1〉} = {0.05, 0.08}, whereas we obtain 0.06 ≤
〈e≥2〉 ≤ 0.1 and 0.11 ≤ 〈e1〉 ≤ 0.25 for the runs with
outer systems. The outer system comprised of 6 planets
centred around semi-major axis 5 au with masses of 60
M⊕ resulted in an eccentricity dichotomy characterised by
{〈e≥2〉, 〈e1〉} = {0.07, 0.25}, which is in decent agreement
with the values {〈e≥2〉, 〈e1〉} = {0.04, 0.3} reported by Xie
et al. (2016) and the values {〈e≥2〉, 〈e1〉} = {0.05, 0.21} re-
ported by Mills et al. (2019). While this is the outer system
template that gives the best agreement with the Kepler data,
other templates resulted in similar eccentricity dichotomies
One feature of our study, however, is that the mean eccen-
tricities for multiple transiting systems coming out of the
simulations are always larger than reported for the Kepler
data. This may in part be due to our choice of initial condi-
tions for the inner system templates, but it is also influenced
by the fact that systems of 2 transiting planets contribute
significantly to the overall eccentricity distributions of the
multiple transiting systems. The synthetically observed 2
transiting planet systems often come from underlying sys-
tems that have been significantly perturbed by the outer
systems, such that the mean eccentricity increases above
〈e≥2〉 = 0.05.
We ran some additional simulations to test the effect of
including additional physics in the models. Simulations that
adopted a realistic collision model, instead of the simple hit-
and-stick model adopted in the main suite of simulations,
produced results that are very similar to the original simu-
lation set. Hence, we conclude that the collision model is not
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important for determining the outcome of the simulations.
We also considered the effect of eccentricity damping due to
tidal interaction with the central star over Gyr timescales,
and here we observe a significant change in the eccentricity
distributions of both the single- and multi-transiting sys-
tems. In spite of this change, we still maintain a signifi-
cant dichotomy between the final eccentricity distributions
for the single- and multi-transiting systems, such that the
mean eccentricities obtained are {〈e≥2〉, 〈e1〉} = {0.04, 0.17},
similar to but slightly smaller than the values {〈e≥2〉, 〈e1〉} =
{0.05, 0.21} for the Kepler systems obtained by Mills et al.
(2019).
Finally, we remark that although we have undertaken
a wide ranging parameter study of outer planetary systems
influencing inner systems of super-Earths, what we have pre-
sented here is far from exhaustive in terms of multiplicity,
planet mass and semi-major axes for the outer systems. For
example, we have considered outer planetary systems con-
sisting of identical planets in terms of mass and radius, and
this might influence the outcome in terms of collisions ver-
sus ejections (Anderson et al. 2020). Furthermore, we have
also assumed that the inner systems are fully formed at the
time when the outer giant planets undergo dynamical insta-
bility, and it is possible that in a number of systems the in-
stability occurs earlier during the epoch of formation. These
considerations may lead to different outcomes, such that the
multiplicity and eccentricity dichotomies can be more accu-
rately reproduced by models than has been achieved in this
work. Nonetheless, the study presented here shows that the
general scenario of outer unseen planets perturbing inner
planetary systems is a promising mechanism for explaining
some aspects of the Kepler data.
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Figure A1. Eccentricities versus semi-major axis for the inner
system before and after they have been evolved for 10 Myr in the
absence of giant planets
APPENDIX A: INITIAL ECCENTRICITIES OF
THE INNER SYSTEMS
The upper panel of figure A1 shows the initial eccentrici-
ties for all planets contained in the inner systems considered
in this study. These are the values that arise when setting
the eccentricities according to a Rayleigh distribution, as de-
scribed in Section 3.3. The lower panel of figure A1 shows
the final eccentricities after the inner planet systems have
been evolved for 10 Myr in the absence of the outer systems
of giant planets, and we see that some planets have expe-
rienced eccentricity growth even though scattering between
the planets has been minimal. Figure A2 shows the same
final eccentricities after the inner planet systems have been
evolved for 10 Myr in the absence of the outer systems of
giant planets, but now on a system by system basis. In some
systems there has been a redistribution of the angular mo-
mentum deficit (AMD) causing some of the innermost and
lowest mass planets to experience increases in their eccen-
tricities.
APPENDIX B: ECCENTRICITY
DISTRIBUTIONS OF INNER SYSTEMS FROM
8 OUTER SYSTEM TEMPLATES OBTAINED
BY SYNTHETIC OBSERVATIONS
This paper has been typeset from a TEX/LATEX file prepared by
the author.
Figure A2. Eccentricities versus semi-major axis for the inner
systems after they have been evolved for 10 Myr in the absence
of giant planets
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Figure B1. CDFs of the eccentricities obtained from the synthetic observation of all outer system templates with aout = 5 au. For
comparison, the CDFs of eccentricities drawn from Rayleigh distributions with eccentricity parameters σ = 0.167 and σ = 0.035 are also
plotted.
Figure B2. CDFs of the eccentricities obtained from the synthetic observation of all outer system templates with aout = 10 au. For
comparison, the CDFs of eccentricities drawn from Rayleigh distributions with eccentricity parameters σ = 0.167 and σ = 0.035 are also
plotted.
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